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Aerobic cometabolism recognizes that microorganisms can transform non-growth supporting substrates. The term "cometabolism" was first 
introduced over 30 years ago and has been redefined, criticized, and used widely ever since. In this review we have examined the cometabolism of 
chlorinated solvents. These transformations are initiated by monooxygenases or dioxygenases with relaxed substrate ranges. The physiological 
role of the monooxygenases is to initiate the metabolism of growth substrates which are most often hydrocarbons. A metabolically and structurally 
diverse set of enzymes catalyze oxidative reactions with chlorinated solvents. Common growth-supporting substrates include methane, propane, 
toluene, ethylene and ammonia. The transformation of chlorinated solvents by these enzymes presents the cell with a new set of compounds. Some 
of these compounds are toxic to the cells, others are stable products which are expelled from the cell and in a few cases, the products are utilized 
by the cells. Production of most of the enzymes with potential for degradation of chlorinated solvents is induced by the prsence of the 
growth-supporting substrate. In some cases, chlorinated aliphatics will also induce production of the enzyme. Cometabolism can have a profound 
influence on a cell.
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ABSTRACT 

Aerobic cometabolism recognizes that microorganisms can transform non-growth 

supporting substrates. The term "cometabolism" was first introduced over 30 years ago and has 

been redefined, criticized, and used widely ever since. In this review we have examined the 

cometabolism of chlorinated solvents. These transformations are initiated by monooxygenases 

or dioxygenases with relaxed substrate ranges. The physiological role of the monooxygenases is 

to initiate the metabolism of growth substrates which are most often hydrocarbons. A 

metabolically and structurally diverse set of enzymes catalyze oxidative reactions with 

chlorinated solvents. Common growth-supporting substrates include methane, propane, toluene, 

ethylene, and ammonia. The transformation of chlorinated solvents by these enzymes presents 

the cell with a new set of compounds. Some of these compounds are toxic to the cells, others are 

stable products which are expelled from the cell and in a few cases, the products are utilized by 

the cells. Production of most of the enzymes with potential for degradation of chlorinated 

solvents is induced by the presence of the growth-supporting substrate. In some cases, 

chlorinated aliphatics will also induce production of the enzyme. Cometabolism can have a 

profound influence on a cell. 

INTRODUCTION 

Aerobic co metabolism describes the ability of microorganisms to transform non-growth 

supporting substrates, typically in the presence of a growth supporting substrate. The molecular 

underpinnings for this type of metabolism as well as a discussion of the origin of this term are 
'• 



described in this review. Where the non-growth supporting substrate is an environmental 

pollutant, aerobic cometabolism offers a biological method for the removal of the pollutant from 

the contaminated environment. This approach to bioremediation is particularly appropriate to 

chlorinated solvents and related compounds where other methods ( such as reductive 

dechlorination) are less likely to result in the complete mineralization of the target compound. 

However, exploitation of this process faces a number of challenges. These challenges will best 

be addressed through a thorough understanding of the fundamental molecular underpinnings 

which make aerobic cometabolism possible. The purpose of this review article is to consider 

those molecular underpinnings. Our focus will be on the bacteria that catalyze aerobic 

cometabolic transformations of chlorinated aliphatic hydrocarbons ( CAHs). However, 

cometabolism is not limited to bacterial systems, aerobic processes, or chlorinated solvents. 

Where appropriate, we will consider cometabolism in other contexts. With regard to aerobic 

co metabolism of chlorinated solvents, we wil l  summarize our current level of understanding, 

identify gaps in that understanding, and where possible identify unifying themes. In doing so, 

we will consider those systems which have received the greatest attention to date, whether as 

early examples of aerobic cometabolism, model systems, or systems already demonstrated to be 

effective in field sites. 

In the Background section of this article, we will consider the definition of cometabolism 

and the role of individual enzymes in this process. In aerobic cometabolism, oxygenases initiate 

the oxidation of cometabolites. Therefore, we consider the role and mechanism of oxygenases in 

general. We present in some detail the properties of those monooxygenases which have, to date, 

shown the greatest potential for cometabolism of chlorinated solvents. Although these 

monooxygenases are indeed at the heart of the process of cometabolism, their action on 

cometabolites essentially presents the cell with a new set of metabolites. The result of this 

enzyme action on the physiology of the cell is also considered. In most cases, the genes which 

code for the enzymes resposible for initiating aerobic cometabolism have been identified. These 

genes, their regulation, and the potential for improving the enzymes through genetic engineering 

are also considered. 

We have placed our primary focus on trichloroethylene (TCE) as an example of a 

chlorinated solvent. TCE is one of the most commonly encountered organic pollutants found in 
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water destined for human consumption. As a result, TCE has received a great deal of attention 

and provides the richest data set for understanding the physiological effects of cometabolism. 

Against this backdrop, we also consider other chlorinated solvents and other chlorinated or 

halogenated pollutants. This review, as part of a series on the topic of aerobic cometabolism, 

focuses on the molecular underpinnings of cometabolism. The reader is directed to the 

subsequent reviews in this series for other topics of interest. 

BACKGROUND 

Historical perspective. Cometabolic processes were first studied in the 1 950's and 60's 

and focused on the microbial degradation of important classes of industrial chemicals including 

aromatics (Dagley and Patel, 1 957), chlorinated organics (Jensen, 1 957; Jensen, 1 963), pesticides 

(Alexander, 1 967) and petroleum hydrocarbons (Foster, 1 962). Collectively, these studies 

established that many compounds can be transformed by microorganisms without concurrent 

microbial growth. Much of the research that has followed has attempted to address important 

issues raised by these observations including the role of cometabolism in the degradation of 

pollutant compounds in the environment and the mechanism and physiological basis for these 

reactions. These issues still represent important considerations today in view of the recent 

interest in  applying microbial cometabolic processes to the degradation of chlorinated solvents. 

The principle features of cometabolism were first embodied in the "co-oxidation" process 

characterized by Foster and coworkers during early studies of the substrate range of methane­

and alkane-utilizing bacteria (Leadbetter and Foster, 1 959; Leadbetter and Foster, 1 960). These 

studies initially revealed that the methane-utilizing bacterium Pseudomonas (Methylomonas) 

methanica could not grow on hydrocarbons such as ethane, propane and n-butane but could 

oxidize these compounds to products which retained the same carbon number as the parent 

substrate (Leadbetter and Foster, 1 960). Foster's group also observed similar reactions in alkane­

utilizing bacteria and Foster later defined co-oxidation as "the oxidation of non-growth 

hydrocarbons when present in a medium where one or more different hydrocarbons are 

furnishedfor growth" (Foster, 1 962) . The term cometabolism was subsequently introduced by 

Alexander (Alexander, 1 967) to allow the basic tenet of co-oxidation (the transformation of non-
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growth supporting substrates) to be extended to classes of compound and degradation reactions 

beyond the oxidative transformations of hydrocarbons described by co-oxidation. As the 

following quotation illustrates, Alexander recognized the similarities between co-oxidation and 

cometabolism and the environmental significance of these processes, both as possible natural 

attenuation mechanisms and as facilitated approaches for the bioremediation of persistent 

compounds. As other chapters in this volume will demonstrate, the same principles are being 

applied for the remediation of chlorinated solvents some 30 years later. 

"Cooxidation or cometabolism can be of considerable ecological sign(ficance and may account 

for the degradation of many pesticides which do not sustain microbial growth. It might even be 

possible to exploit co metabolism in enhancing the rate of destruction o.f persistent pesticides: for 

example, the application to soil of a biodegradable simulant for a refractory pesticide could 

increase the population of organisms possessing the appropriate degradative enzymes for both 

the simulant and the long-lived pesticide and thereby increase the rate o,( destruction of the pest 

control agent". 

In view of the similarities between co-oxidation and co metabolism it is hardly surprising 

that the terms have often been used synonymously. However, one of the criticisms of 

cometabolism is that, unlike co-oxidation, the "co"-element has been marginalized to the extent 

that it is meaningless. Although Horvarth (Horvarth, 1 972) has been criticized for initiating this 

trend (Gibson, 1 993; Hulbert and Krawiec, 1 977) the following quotation indicates that he 

clearly appreciated the role of growth substrates in cometabolism but also recognized that the 

same transformation reactions could be observed with both resting and actively growing cells. 

"Although cometabolism does imply the concomitant oxidation of a non-growth substrate during 

growth of a microorganism on a utilizable carbon and energy source, it also describes oxidation 

of non-utilizable substrates by resting cell suspensions grown at the expense of substances 

capable of supporting microbial growth. Therefore, usage of co metabolism refers to any 

oxidation of substances without utilization of the energy derived from the oxidation to support 

microbial growth and does not infer presence or absence of growth substrate during oxidation. " 
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Dalton and coworkers (Dalton and Stirling, 1 982) essentially reintroduced the "co" 

element into cometabolism and defined the process as follows: "the transformation of a non­

growth substrate in the obligate presence of a growth substrate or another transformable 

compound''. Like Foster's earlier work, this definition arose from a study of hydrocarbon 

oxidation by methane-oxidizing bacteria. Stirling and Dalton (Stirling and Dalton, 1 979) 

demonstrated that resting cells of Methylococcus capsulatus (Bath) can oxidize two classes of 

non-growth supporting substrates. The first group of compounds were oxidized without the need 

for additional oxidizable substrates. This process was described as "fortuitous oxidation". A 

second and much larger group of compounds were only oxidized in the presence of 

formaldehyde (HCHO), a normal intermediate in the methane oxidation pathway. The oxidation 

of these substrates was described as cometabolism. The biochemical basis for the distinction 

between these reactions rests on the fact that the majority of the substrates oxidized in the 

absence of formaldehyde are initially oxidized by the non-specific methane monooxygenase 

(MMO) enzyme to products such as methanol (CH30H) and formaldehyde (HCHO) that can be 

further oxidized by enzymes associated with the methane oxidation pathway (methanol 

dehydrogenase, MDH; formaldehyde dehydrogenase, FaDH; and formate dehydrogenase, 

FDH).These selected compounds could therefore be used by the bacterium to generate the 

reductant necessary to support continued MMO activity. In contrast, the initial MMO-catalyzed 

oxidation of the second group of substrates generates products that are not subject to further 

oxidation at substantial rates and therefore the cells required an exogenous source of reductant to 

support MMO activity. These reactions are summarized in Scheme 1 .  

As our brief summary illustrates, there are strong areas of overlap between co-oxidation 

and cometabolism. First, the formal definitions of these terms were both derived principally from 

studies of methane-oxidizing bacteria. Second, based on what is now known about the 

enzymology of methane oxidation, both definitions describe degradation processes that are 

initiated by the non-specific MMO enzyme. Finally, both definitions recognize a role for the 

growth substrate in the transformation process. However, the roles of the growth substrate in 

these two processes are somewhat different and the key to this lies in the type of experiment used 

to originally define each process. For example, the studies leading to Dalton and Stirling's 
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definition of cometabolism focused exclusively on identifying the sources of reductant utilized 

by resting cell suspensions to support non-growth supporting substrate transformation reactions. 

In these experiments cells were grown in the absence of a cosubstrate and MMO activity was 

already established in the cells by virtue of the previous growth of cells on methane. Under these 

circumstances the role of the growth substrate (methane) was limited to being one of several 

potential sources of reductant capable of sustaining MMO activity. In contrast, Foster's co­

oxidation processes focused on transformation reactions catalyzed by actively-growing cultures 

continuously exposed to a non-growth supporting substrate. Under these circumstances the 

growth substrate serves two additional roles. First, it serves as a source of carbon and energy to 

support further microbial growth. In the industrial applications of co-oxidation envisioned by 

Foster (Foster, 1 962), the provision of a carbon and energy source could lead to economically 

important increases in the rates and sustainability of non-growth substrate transformation 

reactions. Second, and perhaps more importantly, the growth substrate serves as an inducer of the 

enzyme activity required for the non-growth substrate transformation reaction to occur. 

Oxygenase induction and other roles for growth substrates in cometabolic processes are 

discussed further in later sections. 

Possible contributions of cometabolism to cell metabolism. Early studies of 

cometabolism and co-oxidation essentially differentiated between non-growth-supporting 

substrates which undergo partial metabolism and growth-supporting substrates which are fully 

mineralized. This distinction led to the notion that cometabolic reactions are of no benefit to 

microorganisms because there was no assimilation of the reaction products. As noted by Hulbert 

and Krawiec (Hulbert and Krawiec, 1 977), in practice the mass balance between substrate 

utilization and product excretion is often not established for cometabolic reactions. The 

possibility that the mass balance of cometabolism might be less than complete has raised the 

suggestion that cometabolism allows microorganisms to supplement their conventional carbon 

metabolism through assimilation of cometabolic products, albeit at a level insufficient to support . 

growth. There is some evidence to support this from studies with autotrophic ammonia-oxidizing 

bacteria where it has been established that 14C-label accumulates in cells during the cometabolic 

oxidation of 1 4CH4 and 1 4CO (Bedard and Knowles, 1 989). However, these observations do not 
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: eliminate the possibility the carbon from these substrates is either fixed conventionally via C02 

derived from CO oxidation or through indiscriminate direct chemical fixation arising from the 

production of reactive formaldehyde during methane oxidation. The possibility that 

microorganisms use co metabolism as a source of supplementary carbon under oligotrophic 

conditions led Higgins and coworkers (Higgins, et al., 1 980) to suggest this is was a beneficial 

effect that might explain why methane-oxidizing bacteria have retained such a highly non­

specific enzyme like MMO. Although this argument was dismissed by Dalton and Stirling 

(Dalton and Stirling, 1 982), the realization that a cometabolic transformation might lead to 

incorporation of the products into biomass without concurrent growth represents an important 

aspect of their discussion of cometabolism. 

Although many studies of cometabolism were conducted with axenic cultures, there is 

also strong evidence that cometabolism represents an important mechanism for the degradation 

of a wide variety of compounds in mixed microbial communities. For example, cyclohexane is 

cometabolized to cyclohexanol by a pseudomonad, and cyclohexanol is then mineralized by a 

different pseudomonad (deKlerk and van der Linden, 1 974). Similarly. a mixed culture 

containing a methane-oxidizing bacterium and heterotrophic bacteria was capable of complete 

mineralization of TCE while the methane-oxidizing bacterium alone did not completely 

mineralize the TCE (Uchiyama, et al ., 1 992) . Alexander summarized other examples of these 

types of synergistic effects and has suggested they are important factors influencing the rate 

degradation of many recalcitrant compounds (Alexander, 1 994). Some critics of cometabolism 

have suggested that this type of process is the only semantically valid use of the term 

cometabolism since the process involves both a "co" function (i.e. two microorganisms) and a 

true metabolism of the substrate (Wackett, 1 996). 

Physiological types of chlorinated solvent-degrading bacteria. Several 

microorganisms have been shown to cometabolically degrade TCE in studies using axenic 

cultures. Representative examples are included in Table 1 for a variety of growth substrates that 

have been used in TCE degradation studies. The enzyme that is thought to be responsible for 

TCE oxidation in these organisms is also listed. The organisms listed in Table 1 include a wide 

range of physiologically unrelated organisms. However, the strongest theme to emerge from this 
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summary is that all of the enzymes responsible for TCE oxidation are mono- and dioxygenases 

that initiate the oxidation of growth substrates. TCE-degrading organisms are frequently 

distinguished simply on the basis of the growth substrate needed to cause the expression of a 

TCE-degrading oxygenase. This process tends to disregard the fact that most of these organisms 

are capable of growth on many other substrates and that substantially different enzymes may be 

induced by the same substrate in different organisms. The diversity of toluene-oxidizing enzymes 

and bacteria described in Table 1 is an excellent example. There is also an interesting diversity in 

the inducibility ofTCE-degrading activity in the bacteria listed in Table I. For example, the 

ammonia-oxidizing bacterium Nitrosomonas europaea is restricted to the use of ammonia as a 

source of energy for growth and the expression of the non-specific oxygenase, ammonia 

monooxygenase (AMO), is therefore essentially constitutive. In contrast there are organisms 

such as A lcaligenes (Ralstonia) eutrophus which have been shown to express two entirely 

different TCE degrading enzymes, a chromosomally-encoded phenol hydroxylase and plasmid­

encoded 2,4-dichlorophenol hydroxylase, depending on which growth substrate is used as a 

growth substrate and oxygenase inducer (Harker and Kim, 1 990). Furthermore, methane­

oxidizers such as Methylosinus trichosporium OB3b can also express two different forms of 

MMO (soluble and particulate), both of which are capable of TCE oxidation, albeit at 

substantially different rates. 

Range of chlorinated solvents subject to aerobic cometabolism. Although we have a 

focused on TCE as a representative chlorinated solvent, most of the chlorinated C1 and C2 

hydrocarbons have been used as solvents. In general only the least halogenated members of th 
.
. s 

group of compounds can be utilized by aerobic microorganisms as carbon and energy sources 

that support growth. These fully metabolizable compounds include chloromethane (Vannelli, et 

al . ,  1 998), dichloromethane (Braus-Stromeyer, et al., 1 993 ; Gisi, et al. ,  1 998), dichloroethane 

(Vandenwijngaard, et al., 1 992) and vinyl chloride (Hartmans, et al. ,  1 985 ;  Hartmans and 

Debont, 1 992) (Table 1 ). In contrast, all of the C1 and C2 chlorinated hydrocarbons, other than 

the fully halogenated species (carbon tetrachloride, tetrachloroethylene and hexachloroethane), 

are known to be cometabolically degraded by one or more physiologically distinct types of 

aerobic microorganisms listed in Table 1 .  These observations are summarized in Table 2.  
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REVIEW OF THE TOPIC 

Description of the enzymes. Cometabolism of chlorinated solvents occurs because 

certain enzymes have relaxed substrate ranges which include substrates other than the 

physiologically relevant substrate or substrates. In this section, we review those enzymes which 

have shown the greatest potential to date for use in the bioremediation of chlorinated solvents. 

All of these enzymes are oxygenases and all but one are monooxygenases. However, there are 

also many differences among these enzymes. Different prosthetic groups, cellular locations, 

substrate ranges, and protein structures are found among these enzymes. Following a brief 

description of oxygenases in general, we consider the methane monooxygenases, with particular 

emphasis on soluble methane monooxygenase. We then turn our attention to the 

monooxygenases and dioxygenase which oxidize toluene followed by a discussion of ammonia 

and alkene monooxygenases. 

Oxygenases constitute a subset of the enzymes classified as oxidoreductases (which is 

one of the six major classes of enzymes). Oxygenases catalyze the reduction of 02 with 

incorporation of one (monooxygenases) or two (dioxygenases) of the 0 atoms into the substrate 

which is being oxidized. Monooxygenases require an input of reductant which is used to reduce 

the second atom of 0 to H20. Dioxygenases do not necessarily require reductant as both atoms 

of 02 are reduced upon incorporation into the substrate. However, some dioxygenases do use 

reductant to further reduce the substrate. Oxygenases serve a myriad of functions in cells 

including biosynthesis, detoxification, and catabolism. The protein composition of oxygenases 

can be relatively simple or quite complex (e.g. four separable protein components and 6 unique 

polypeptides). The activation of 02 to a reactive state is typically facilitated by prosthetic groups 

in the enzymes. A remarkable variety of prosthetic groups has been recognized including flavin, 

heme, binuclear iron clusters, mononuclear iron centers, and Cu. Additional prosthetic groups 

including flavins and iron sulfur clusters can also be present to facilitate the transfer of electrons 

to the active site. Some oxygenases are soluble while others are associated with the membrane. 

The chemical mechanisms of oxygenases are also variable, though all have in common the need 

to activate 02• Typically, this activation is accomplished by transfer of electrons from the 
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prosthetic group in the enzyme to 02• The resulting reactive species is stabilized by coordination 

with the prosthetic group. In the case of monooxygenases, the activation typically involves the 

complete reduction of one of the atoms of 02 with subsequent release of water. Not surprisingly 

given the variety of substrates and prosthetic groups, different chemical mechanisms appear to be 

at work with different oxygenases. While some monooxygenases are very specific for particular 

substrates, others have remarkably relaxed substrate ranges. In some cases, this relaxed substrate 

range appears to be by design. For example, in eukaryotes the broad substrate range of P450 

monooxygenases is essential to their ability to assist in the removal of unwanted compounds 

from an organism. In other cases, the broad substrate range does not appear to provide any 

particular advantage or serve any particular purpose. For example, ammonia monooxygenase 

has a very broad substrate range which extends to several classes of compounds. However, the 

bacterium appears to derive benefit only from the oxidation of ammonia, the growth-supporting 

substrate. 

Methane monooxygenase. Two forms of methane monooxygenase have been described. 

Soluble methane monooxygenase (sMMO) is so named because it is released into the supernatant 

when cells are broken. In contrast, particulate methane monooxygenase (pMMO) remains with 

cellular particles (e.g. membrane vesicles) following cell breakage and centrifugation. sMMO 

appears to have the broader substrate range and a faster catalytic turnover. sMMO is found only 

in Type II and Type X methanotrophs and is expressed under conditions of Cu limitation. It is 

not known how often the Cu-deficient conditions required for production of this enzyme actually 

occur in nature. pMMO, in contrast, is found in all methanotrophs. It is expressed under 

conditions of Cu suffiency in Type II methanotrophs. 

Soluble Methane Monooxygenase (sMMO). Under conditions of copper l imitation, a 

soluble methane monooxygenase is produced (Stanley, et al., 1 983). NADH serves as the 

electron donor. The enzyme consists of three protein components : Component B,  a reductase 

(Component C), and a hydroxylase (Component A) (Lipscomb, 1 994). Methane oxidation 

occurs at the active site found on the hydroxylase component which consists of six polypeptides. 

The crystal structure (2.2 and 2.0 angstrom resolution) (Elango, et al., 1 997 ; Rosenzweig, et al. ,  

1 993) confirmed the presence of a hydroxy-bridged diiron center (the "diamond core" structure) 

which is similar to that found in ribonucleotide reductase (Nordlund, et al . ,  1 992). The a subunits 
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contain the diiron center. Component B serves a regulatory role and the reductase component 

transfers electrons from NADH to the hydroxylase via FAD and an [Fe2S2] cluster. The 

substrate range of sMMO extends well beyond the physiologically relevant methane (Green and 

Dalton, 1 989). Alkanes (up to C7) are oxidized to alcohols, alkenes are oxidized to the 

corresponding epoxides or to enols. Several chlorinated aliphatics, some aromatics, ethers and 

heterocycles are also substrates. Acetylene (Prior and Dalton, 1 985) and longer alkynes are 

mechanism-based inactivators (Bedard and Knowles, 1 989). The genes which encode the 

polypeptides of the three protein components of sMMO are clustered in a similar arrangement in 

Methylococcus capsulatus (Bath) and Methylosinus trichosporium OB3b (Murrell, 1 992). A 

gene cluster which contains mmoXYBZorfYC encodes the polypeptides Ao., A�, B, Ay, unknown 

Y, and C, respectively. 

The chemical mechanism of sMMO has received considerable attention (e.g. (Elango, et 

al., 1 997; Lipscomb, 1 994; Nesheim and Lipscomb, 1 996; Wilkins, et al . ,  1 992)). In general, the 

chemical mechanism of sMMO involves first the production of an activated 0 species which is a 

sufficiently strong oxidizing agent to attack the C-H bonds in methane. Several lines of evidence 

support the idea that sMMO produces an activated 0 species that is similar to that which is 

produced by P450 monooxygenases, namely, an Fe(IV)=O (oxene) species. This species would 

then abstract an electron from the substrate resulting in fonnation of a radical intermediate. 

Rebound of the substrate radical with the reduced 0 species would result in the observed product 

formations. It is noteworthy, especially when considering the fortuitous metabolism of 

compounds by oxygenases, that a single mechanism may not be used for al l substrates, especially 

where the differences are at later stages in the reaction pathway. 

Particulate Methane Monooxygenase (pMMO). pMMO is produced under conditions of 

Cu sufficiency in methanotrophs. Many methanotrophs are only capable of producing this form 

of methane monooxygenase. Like it's soluble counterpart, pMMO will  catalyze the cooxidation 

of a number of alternative substrates (including propane and butane (Colby, et al ., 1 977)). 

Acetylene is an effective inactivator and copper selective chelators such as allylthiourea, are 

inhibitors (Prior and Dalton, 1 985). Particulate methane monooxygenase has not been purified to 

homogeneity with high activity. However, recently a preparation of low activity was prepared 

from membranes of M capsulatus (Bath) (Zahn and DiSpirito, 1 996). Duroquinol was used as 
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the electron donor. Notably, NADH will  not serve as a reductant for these purified preparations 

(possibly because of the lack of a flavoprotein containing reductase). The preparation contained 

three major polypeptides (47, 27 and 25 kDa) and 2.5 Fe atoms and 1 4.5 Cu atoms per 99 kDa. 

However, most of the copper appears to be associated with a small (6 1 8  Da) cofactor which can 

be separated from the pMMO polypeptides by treatment with detergent. Chan and his coworkers 

(Nguyen, et al., 1 994) reported that the MMO activity in membranes increases with the copper 

content of the membranes. EPR and magnetic susceptibi lity experiments indicated that the Cu in 

the membranes could exist in the Cu(II) and Cu(l) forms and that a trinuclear Cu(II) cluster was 

present. The 27 kDa subunit becomes labeled with 14C upon inactivation of the monooxygenase 

activity with 14CzH2. The structural genes for these polypeptides were recently isolated 

(Semrau, et al., 1 995). Three contiguous genes, pmoC, prnoA, and pmoB code for the three 

structural polypeptides. These genes are present in multiple copies. 

Toluene mono- and dioxygenases. The oxidation of toluene can be initiated by insertion 

of 0 into any of the four unique C-H bonds in this molecule. However. a separate enzyme is 

required for each insertion. Pseudomonas mendocina KR 1 toluene-4-monooxygenase (T4MO) 

produces p-cresol ;  Pseudomonas picketii toluene-3-monooxygenase (T3MO) produces m-cresol, 

and Burkholderia cepacia G4 toluene-2-monooxygenase (T2MO) produces o-cresol. Xylene 

monooxygenase (XMO) hydroxylates the methyl carbon to form benzyl alcohol. In addition, 

toluene dioxygenase (TDO) can insert both atoms from 02 into toluene to form ( + )-( 1 S,2R)­

dihydroxy-3-methylcyclohexa-3,5-diene (cis-dihydrodiol). All five enzymes have somewhat 

relaxed substrate ranges which include chlorinated solvents. To date, three of these enzymes 

(T2MO, T4MO, TDO) have been purified extensively and characterized at the molecular level . .  

Toluene-2-monooxygenase. Toluene-2-monooxygenase was purified from B. cepacia G4 

(Newman and Wackett, 1 995). The enzyme consists of three protein components (Table 1 ). A 

40 kDa flavin and iron sulfur containing protein oxidizes NADH with subsequent transfer of 

electrons to the hydroxylase component of the enzyme. A small ( 1 0.4 kDa polypeptide) was 

required for activity, but for unknown reasons. No prosthetic groups or metals were detected in 

this component. The third component, the hydroxylase, contained the site for activation of 

molecular 02 and oxidation of toluene. This hydroxylase component contained iron but no acid 

labile sulfur. The iron content and EPR spectra associated with this protein indicate that the 
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active site of this enzyme contains binuclear iron clusters. Toluene-2-monooxygenase also 

catalyes the oxidation of the product of toluene oxidation, o-cresol, to 3-methyl-catechol .  The 

K.n for oxidation of o-cresol is 0 .8  J.LM. 

Toluene-2-monooxygenase oxidizes TCE (Newman and Wackett, 1 997). The K,n for 

TCE was 1 2  J.LM. The Vmax for TCE was 37 nmol/(mg hydroxylase x min) which compares to 27 

nmol toluene oxidized/(min x mg hydroxylase) and 1 3 1  nmol o-cresol oxidized/(min x mg 

hydroxylase). The major products of TCE oxidation are formic acid, carbon monooxide and 

glyoxylic acid. About 1 2% of the products were found covalently attached to the enzyme 

polypeptides. Enzyme activity was also lost as a result of TCE oxidation. In intact cells, toluene 

is an inhibitor of toluene oxidation at sufficiently high concentrations. TCE is a noncompetitive 

inhibitor of toluene oxidation in intact cells of B. cepacia G4. Kinetic patterns for the purified 

enzyme have not been reported. 

Toluene-4-monooxygenase. Toluene-4-monooxygenase was first partially purified from 

P. mendocina KR1 (Whited and Gibson, 1 991) and then components were later purified to 

homogeneity from a recombinant Escherichia coli strain which contained the T4MO genes 

isolated from P. mendocina KRI (Pikus, et al., 1 996). As with sMMO and T2MO, a 

multicomponent enzyme was identified. A hydroxylase component similar to that in T2MO was 

identified which contains a binuclear iron cluster. A small protein similar to the 1 0 .4 kDa 

polypeptide of T2MO was also identified. The reductase, TMOF, was only partially purified, but 

functions in concert with T4MOC, a Rieske-type iron sulfur protein, to transfer electrons to the 

hydroxylase component. Note that a fourth protein is required for in vitro activity (T2MO does 

not require the ferredoxin.). Thus, while similarities in catalytic site are apparent, differences in 

other aspects of these enzymes are also apparent. Detailed characterizations of the kinetic 

properties of this purified enzyme were not presented. T4MO is highly specific with regards to 

hydroxylation of the ring at the para position. 96% of the product is p-cresol, with 2.8% m­

cresol, 0 .4% o-cresol and 0 .8% benzyl alcohol (Pikus, et al. ,  1 997). 

Xylene monooxygenase. The enzyme which catalyzes hydroxylation of the methyl carbon . 

of toluene to form benzyl alcohol also oxidizes xylenes at the methyl carbons. This enzyme is 

generally referred to as xylene monooxygenase. XMO has not been purified extensively, but is 

membrane-bound and appears to be related to the iron-containing monooxygenases which 
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oxidize alkanes (alkane hydroxylase) and desaturate fatty acids (fatty acid desaturases) (Suzuki, 

et al. ,  1 99 1  ). These enzymes also share eight conserved histidine residues which may serve as 

ligands to the active site irons (Shanklin, et al., 1 994). Toluene/a-xylene monooxygenase from 

Pseudomonas stutzeri OX1 oxidizes a number of CAHs including TCE (Chauhan, et al. ,  1 998). 

Toluene dioxygenase. In addition to the attacks on toluene by monooxygenases, a 

dioxygenase, toluene dioxygenase (TOO), wil l  also initiate the degradation of toluene. NAOH is 

oxidized to NAD+ in the reaction cycle. Three separable protein components are required to 

complete the reaction (Subramamian, et al., 1 98 1 ;  Subramanian, et al. ,  1 985;  Zylstra and Gibson, 

1 989). ReductaseToL• a flavoprotein, catalyzes the oxidation ofNADH with subsequent transfer 

of electrons to a small iron sulfur protein, ferredoxinTOL' The reduced ferredoxin subsequently 

transfers electrons to the dioxygenase, which is designated ISPToL' The active site of TDO 

contains both a Reiske-type [2Fe-2S] center and a mononuclear iron center. The genes which 

code for the protein components of TOO are arranged in an operon: todCJC2BADE, where CIC2 

code for the dioxygenase, B codes for the fen·edoxin, A codes for the reductase, and D and E 

code for enzymes with catalyze the further metabolism of the product of TOO (Zylstra and 

Gibson, 1 989). TOO is a versatile enzyme which can catalyze monooxygenation, desaturation, 

0-dealkylation, N dealkylation, sulfoxidation and oxidative dehalogenation (Lange and Wackett, 

1 997). Halogenated aliphatics which serve as substrates include TCE, 1 ,  1 -dichloro- 1 -propene, 

and 1 ,  1 -dichloroethene but not tetrachloroethene. TCE is oxidized at a rate of 33  nmol/(min x 

mg protein) by purified TDO, which compares to a rate of 225 nmol toluene oxidized/(min x mg 

protein) (Lange and Wackett, 1 997; Li and Wackett, 1 992). 

Alkene monooxygenase. Alkene monooxygenase was purified from Xanthobacter PY2 

(Small and Ensign, 1 997). This enzyme initiates the oxidation of propylene and other alkenes as 

growth substrates. It also fortuitously oxidizes a number of chlorinated aliphatics including TCE 

(Ensign, et al . ,  1 992). Interestingly, saturated alkanes (e.g. ethane) are not oxidized. Like 

T4MO, the enzyme consists of four separable protein components. The reductase component 

transfers electrons to a Rieske-type iron sulfur protein which in turn transfers electrons to the 

hydroxylase component. A small protein, similar to that found in T4MO, T2MO, and sMMO is 

also required for high activity. The hydroxylase component apparently contains two binuclear 

iron clusters based on metal content and EPR spectra. 
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Ammonia monooxygenase. Ammonia monooxygenase (AMO) has a remarkably broad 

substrate range. In addition to a number of chlorinated aliphatics, AMO will also catalyze the 

oxidation of several alkanes, alkenes, aromatics (including benzene and several derivatives, 

several heterocycles, and several heteroatom ring compounds), ethers, thioethers and primary 

amines (Arp, et al . ,  1 996). AMO has not yet been purified to homogeneity with activity, so the 

detailed properties of this enzyme are not available. Nonetheless, considerable information has 

been obtained from studies of the enzyme in intact cells and cell extracts. AMO consists 

minimally of two polypeptides. A 27 kDa polypeptide becomes covalently modified upon 

inactivation of ammonia oxidation activity in the presence of acetylene (Hyman and Wood, 

1 985).  Purification of this (or a similarly modified polypeptide) results in the copurification of a 

second polypeptide of 40 kDa (McTavish, et al., 1 993). This second polypeptide does not 

become labeled with acetylene, but both protein and genetic evidence support a role as a 

component of AMO. A third polypeptide is suggested by genetic characterizations (Klotz, et al . ,  

1 997), but physical evidence for this protein is  stil l  lacking for AMO (though i t  has been 

identified for the closely related pMMO). AMO is tightly associated with the membrane fraction 

upon cell breakage and is only released by treatment with detergents. The primary sequence of 

the protein (as deduced from the nucleotide sequence of the gene) indicates a number of 

membrane spanning helices in each of the proteins. AMO is likely to contain Cu (Ensign, et al . ,  

1 993) and may also contain Fe (Zahn, et al . ,  1 996). 

Although active, purified preparations of AMO are not available, considerable 

information about the enzyme has been obtained from studies with intact cells. The substrate 

range of AMO extends to a number of halogenated aliphatics which includes TCE (Arciero, et 

al. ,  1 989; Rasche, et al. ,  1 99 1  ) .  The affinity for TCE is surprisingly high; the K.n for TCE is 

about 1 2  J.!M which compares to the Km for NH3 of about 40 J.!M CK.n for NH4 + of 1 mM at pH 

7.8) (Ely, et al. ,  1 995 b; Hyman, et al ., 1 995). However, the turnover rate for TCE is low. Other 

chlorinated aliphatics are oxidized more rapidly, others not at all (PCE and CT are not oxidized) 

(Rasche, et al., 1 99 1  ). In a study of several alternative substrates which did not lead to 

inactivation (including several nonhalogenated alkanes and alkenes), the inhibition patterns were 

examined with respect to ammonia oxidation (Keener and Arp, 1 993) .  Because both ammonia 

and the co-substrate must compete for the activated 0 species it has been assumed that both 
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would bind at the same site thereby leading to competitive inhibition patterns. (Competitive 

inhibition occurs when the binding of the substrate and inhibitor are mutually exclusive and 

usually indicates that both compounds are binding to the same site on the enzyme.) This pattern 

was observed for some co-substrates (ethylene, methane) . However, the predominant kinetic 

pattern was that indicative of noncompetitive inhibition. (Noncompetitive inhibition occurs 

when the inhibitor can bind either to the enzyme or to the enzyme complexed with the substrate 

and implies that there is a separate binding site for the inhibitor.) Although both the co-substrate 

and the physiological substrate must compete for the activated 0 formed in the enzyme's active 

site, the noncompetitive inhibition patterns suggest that there are separate approaches to this 

active site. 

Summary. With regard to the enzymes involved identified as being of potential use in 

aerobic cometabolism of chlorinated solvents, one is struck by the remarkable differences in the 

structures of the physiologically relevant compounds--from NH� to toluene. Likewise, there are 

some striking differences in the structure of the enzymes and the prosthetic groups involved in 

catalysis. sMMO and T2MO contain binuclear iron centers, while AMO and pMMO likely 

contain Cu and possibly Fe in their prosthetic groups, and toluene dioxygenase contains a 

mononuclear Fe center. Interestingly, P450 monooxygenases, many of which are well known for 

their broad substrate ranges, have not yet been recognized as prosthetic groups in enzymes with 

potential for bioremediation of chlorinated solvents. In spite of these differences, some 

similarities in the properties of these enzymes can also be noted. The preferred substrates are 

uncharged, hydrophobic molecules. All of the enzymes have relaxed substrate ranges which 

include TCE and other chlorinated aliphatics. A non-chlorinated substrate which appears to be 

oxidized by all of these enzymes is ethylene. Universal substrates are of interest in screening 

populations or environments for TCE degrading potential. All of the monooxygenases which 

have been examined are inactivated by acetylene. Another common feature among these 

enzymes is that each is at the beginning of a catabolic pathway used to harvest a substrate from 

the environment. Other monooxygenases and dioxygenases which catalyze subsequent 

metabolic steps, even those involved in subsequent transformations of toluene, have not been 

recognized as capable of rapid rates of chlorinated aliphatic degradation. Thus, while there are 
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distinct differences among the growth-supporting substrates and the enzymes which catalyze 

there transformations, there are also some common themes. 

Physiological effects of co metabolism. Oxygenase Induction, Specificity and 

Abundance. The role of growth substrates as inducers of requisite degradative enzymes is a key 

issue which is not adequately addressed by existing definitions of either cometabolism or co­

oxidation, especially when one applies these definitions to microorganisms other than methane­

oxidizers. For instance, using the resting cells approach used to define cometabolism (sensu 

Dalton and Stirling) it is obviously possible to grow microorganisms on a non-inducing substrate 

and then observe no transformation reactions whatsoever when resting cells are incubated with a 

non-growth supporting substrate and any number of other transformable compounds, including 

the original growth substrate. Likewise, according to the growth-oriented approach used to define 

co-oxidation (sensu Foster), microbial growth could be supported by a hydrocarbon substrate 

that does not induce an enzyme system necessary for the oxidation of a non-growth hydrocarbon 

included in the growth medium. Again one would not observe a transformation reaction under 

these conditions. Examples of these effects are distributed throughout the literature of microbial 

hydrocarbon and chlorinated hydrocarbon oxidation. For example, cells of Burkholderia cepacia 

G4 grown in the presence of toluene and TCE oxidize both toluene and TCE through the activity 

toluene-2-monooxygenase (Landa, et al., 1 994 ). In contrast, cells of the same organism growing 

in the presence of lactate and TCE do not express toluene-2-monooxygenase activity and are 

unreactive towards TCE. It is also interesting to note that there are several reports of the 

induction of oxygenase enzymes by chlorinated solvents such as TCE (Heald and Jenkins, 1 994; 

Leahy, et al . ,  1 996; McClay, et al. ,  1 995) and other chlorinated ethylenes (Ensign, 1 996). 

As the previous sections have indicated, a consistent biochemical theme that emerged 

from earlier studies of the aerobic cometabolic and co-oxidative processes is that the key enzyme 

responsible for initiating the transformation of non-growth substrates is typically a non-specific 

oxygenase. The same theme has also emerged from more recent studies of the degradation of 

chlorinated solvents such as TCE. The lack of substrate specificity of many oxygenases may 

simply be a consequence of mechanisms involving the generation of reactive oxygen species. An 

alternative explanation is that this lack of specificity it is less than fortuitous and may allow the 
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microorganisms that harbor these enzymes to initiate the oxidation of a diverse range of potential 

growth substrates through the activity of one indiscriminate enzyme. Although critics of the term 

"cometabolism" have noted that a lack of substrate specificity is a common feature of all 

enzymes to one degree or another (Wackett, 1 996), it is also important to note that some of the 

enzymes (e.g. MMO) shown to be capable of oxidizing chlorinated solvents (e.g. TCE) are some 

of the most non-specific enzymes known. Irrespective of the underlying cause of the 

"sloppiness" of these oxygenase enzymes, for applied purposes it is obviously advantageous that 

these enzymes have high levels of activity in whole cel ls. This can be obtained either by high 

levels of enzyme expression or through high specific activities. or both. These conditions are 

most frequently met when the oxygenase serves as the initial catalyst in the growth substrate 

oxidation pathway; conditions where the oxygenase holds a prominent role in overall cellular 

metabolism. 

The significance of enzyme abundance and specific activity is supported by biochemical 

studies of two of the most well-characterized of the TCE-degrading oxygenases. As shown in 

Table 4, the hydroxylase components of soluble MMO and toluene-2-monooxygenase are 

abundant in the cells and have specific activities and affinities towards TCE that are comparable 

with those of the growth substrates, methane and toluene. There are likely many undiscovered 

oxygenase enzymes that are capable of oxidizing chlorinated solvents. Some of these enzymes 

may be induced by substrates that are either expensive or more toxic than the chlorinated 

solvents towards which their activities might be directed. Likewise, some of these enzymes may 

serve peripheral roles in biosynthetic processes or secondary metabolism and the level of activity 

of these enzymes may be small relative to enzymes involved in the metabolism of growth­

supporting substrates. Enzyme systems with such features would be unattractive for 

bioremediation processes where cost-effectiveness and a lack of further environmental impact are 

important considerations. 

Physiological Aspects of Chlorinated Solvent Cometabolism. In this section we will 

briefly consider some of the broader physiological aspects of the cometabolism of chlorinated 

solvents, again with an emphasis on TCE. The following sections wil l  first consider 1 )  the 

pathways of TCE oxidation, 2) the reversible, inhibitory effects associated with TCE oxidation, 
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and 3)  the irreversible or toxic cellular consequences associated with chlorinated solvent 

co metabolism. 

Pathway ofTCE Oxidation: The most comprehensive studies of the pathway of TCE 

oxidation have involved purified enzyme studies where the possibility of further enzyme­

catalyzed product transformations were eliminated. Purified sMMO generates glyoxylate, 

formate, and CO as major products of TCE oxidation with dichloroacetate as a minor component 

(Fox, et al., 1 990). The addition of trichloroethylene oxide to an enzyme-free incubation leads to 

the same products in very similar ratios indicating this compound non-enzymatically decomposes 

to generate the observed products. The sMMO also generates a small quantity of 

trichloroacetaldehyde (chloral) and this compound is not generated when trichloroethylene oxide 

is added to the enzyme system. Chloral is converted to 2,2,2-trichloroethanol and trichloroacetic 

acid by whole cells of methane-oxidizing bacteria (Newman and Wackett, 1 99 1 ). These product 

distributions and their accompanying kinetics of formation (Fox, et al ., 1 990) indicate that 

sMMO primarily oxidizes TCE to TCE epoxide. Epoxide production by sMMO has been 

confirmed for the purified enzyme by trapping this compound with 4-(p-nitrobenzyl) pyridine 

(Fox, et al . ,  1 990) and for whole cells using an on-line gas chromatographic method (van 

Hylckama Vlieg, et al., 1 996). For purified toluene dioxygenase from P. put ida F 1 ,  the principal 

products generated from TCE oxidation were also glyoxylate and formate (Li and Wackett, 

1 992). A dioxygenation mechanism involving 1 ,2-dihydroxy-trichloroethane as an initial product 

was proposed but not confirmed for this enzyme (Li and Wackett, 1 992). Notably this enzyme 

also catalyzes monooxygenation reactions including the oxidation of nitrotoluenes (Robertson, et 

al., 1 992), indene (Wackett, et al ., 1 988), and phenol (Spain, et al., 1 989). It is therefore possible 

that the oxidation of TCE by this dioxygenase is a reflection of its monooxygenase-like 

characteristics. The most recent studies of the products of TCE oxidation have been made with 

the purified toluene-2-monooxygenase from B. cepacia G4 (Newman and Wackett, 1 997) where 

again been the principal products of TCE oxidation were CO, formate, and glyoxylate. 

All of these purified enzymes are all inactivated to one degree or another as a 

consequence of TCE oxidation. Experiments using 14C-labeled TCE established that all of the 

protein components of these enzymes become covalently modified with 14C as a consequence of 

1 4C-TCE oxidation. While these results are consistent with the idea that enzyme inactivation is 
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caused by a diffusable and reactive TCE oxidation product, these experiments have not 

established a clear relationship between the kinetics of enzyme inactivation and radio labeling. In 

addition, these experiments are biased in the sense that the purified enzyme components are the 

only possible targets available for a reactive intermediate to react with and this is clearly not the 

case in the whole cell environment. However, an important insight that has been gained from 

these studies is that cysteine provides protection against the inactivating effects of TCE. In the 

whole cell environment toluene-2-monooxygenase activity is apparently relatively insensitive to 

the toxic effects of TCE oxidation while sMMO and toluene dioxygenase activities are 

susceptible to inactivating effects both in vivo and in vitro. Perhaps the organisms that harbor 

these different enzymes have different steady state levels of thiol-containing species in the 

cytoplasm which accounts for the differing susceptibilities of these organisms to toxic effects 

associated with TCE oxidation. These and other issues related to the toxicity associated with 

chlorinated solvent degradation are explored more ful ly in a following section. 

Inhibitory effects of cometabolism. Some physiological effects of TCE cometabolism are 

immediately reversed by removal of the TCE. These effects are mainly the result of the 

competitive interaction between growth substrates and non-growth substrates for oxidation by 

the same enzyme and the cumulative effects of this interaction on reductant availability and 

growth. 

An intrinsic feature of monooxygenases is that they require a source of reductant to 

reduce one atom of molecular oxygen to water while the other atom is introduced into the 

substrate. During the metabolism of growth-supporting substrates the reductant invested in the 

initial activation of the growth substrate by a monooxygenase is recouped during subsequent 

metabolic reactions. In many cometabolic reactions the non-growth supporting substrate is only 

subject to a single monooxygenase-catalyzed reaction and the products of this reaction are not 

further metabolized to replenish the expended reductant. In situations where a microorganism is 

simultaneously exposed to a growth supporting and non-growth supporting substrate the net 

drain of reductant caused by non-growth substrate oxidation will be dictated by the relative 

concentrations of the two substrates, their relative affinities for the monooxygenase and their 

relative oxidation rates. Under conditions where there are high growth-substrate concentrations 

and low non-growth-substrate concentrations the effects of non-growth substrate oxidation are 
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likely to be small .  However, as the relative concentration of the non-growth substrate is increased 

this compound wil l  progressively outcompete the growth substrate for the active site of the 

monooxygenase, thereby concurrently decreasing the rate of growth substrate oxidation and the 

rate of supply of reductant to the monooxygenase. 

In short term experiments using resting cells the consequences of this competitive 

interaction between substrates can have unusual kinetic effects because an increase in non­

growth substrate concentration can decrease rather than increase the rate of oxidation of that 

compound. 

However, the majority of studies of the interaction between growth substrates and chlorinated 

solvents have tended to treat these interactions as simple competitive interactions and have 

determined Ks and K; values, respectively. An interesting feature of the oxidation of TCE is that 

one of the major products is carbon monoxide. In the case of methane- and ammonia-oxidizing 

bacteria (Bedard and Knowles, 1 989), CO is known to be a susbtrate for both MMO and AMO. 

The production of carbon monoxide from TCE potentially further complicates the kinetic 

analysis of TCE oxidation. 

Toxic Effects of Chlorinated Solvent Cometabolism: The once conventional view that 

cometabolic reactions are inconsequential to microorganisms has been dramatically altered by 

the observations that chlorinated solvent oxidation often gives rise to toxic effects that limit the 

further oxidation of these compounds and growth-supporting substrates. The fact that this 

toxicity occurs is perhaps not surprising given that the oxygenase-catalyzed degradation of 

chlorinated solvents is an important aspect of the human toxicity of many of these compounds. 

The toxic effects associated with the cometabolism of chlorinated solvents have again been most 

intensively studied with TCE and most TCE-degraders are recognized to suffer toxic effects to 

one degree or another. These effects have been examined at both the whole cell and purified 

enzyme level. 

The prevailing model used to account for the toxic effect associated with the oxidation of 

compounds such as TCE is that this compound behaves as a mechanism-based inactivator. This 

model implies that the TCE-oxidizing oxygenase enzymes become covalently modified and 

inactivated by reactive intermediate generated during the TCE oxidation reaction. One of the first 

studies characterizing the toxic effects of TCE oxidation demonstrated that the rate of TCE 
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degradation by P. putida F I decreases rapidly with time (Wackett and Householder, 1 989). The 

growth rates of toluene-induced P. putida F l  on arginine are also reduced in the presence of TCE 

in an exposure-dependent manner (Heald and Jenkins, 1 994) although TCE exposure does not 

hinder growth in P. putida F4, a mutant lacking toluene dioxygenase activity. These observations 

certainly support the notion that the toxic effects of TCE arise due to TCE oxidation rather than 

simply due to exposure of cells to this compound. Subsequent studies have examined the 

question of the site of action of TCE-associated toxicity and have examined the distribution of 

radiolabeled 1 4C-TCE among cellular components. Wackett and Householder (Wackett and 

Householder, 1 989) demonstrated that 14C-label becomes incorporated into a variety 

macromolecules as a result of TCE oxidation by P. putida F I .  The oxidation of 1 4C-TCE also 

leads to a non-specific incorporation of radio label into a variety of polypeptides as a consequence 

of TCE oxidation by methane and ammonia-oxidizing bacteria (Oldenhuis, et al. ,  1 99 1 ;  Rasche, 

et al., 1 99 1 ) . In the case of ammonia-oxidizers it was also demonstrated that this radiolabel 

incorporation was prevented when cells were incubated with 14C-TCE and a specific inhibitor of 

ammonia monooxygenase (AMO). 

While toxic effects associated with TCE oxidation have been observed with several 

different types of TCE-degraders, the severity of these effects is highly variable. For example, 

studies involving B. cepacia 04 consistently indicate that toxicity related to TCE co-metabolism 

is relatively insignificant. Resting suspensions of phenol-induced B. cepacia 04 degraded TCE 

at constant rates over a 3 hour time course, following an initial lag period (Folsom, et al. ,  1 990). 

Also, steady rates of TCE degradation have been observed in bioreactors containing toluene-fed 

B. cepacia 04 with TCE (Folsom and Chapman, 1 99 1  ) . In contrast, ammonia oxidizers appear to 

be very sensitive to toxic effects associated with chlorinated solvent degradation (Hyman, et al., 

1 995). An understanding of the mechanism of these toxic effects is of obvious importance as the 

toxicity can strongly influence the efficiency of any bioremediation processes designed around 

cometabolism. However, our understanding of the mechanism of toxicity is complicated by 

several observations which indicate that these effects are not strictly enzyme specific, but rather 

they are also host specific. For example, the toxic effects associated with TCE oxidation by 

toluene dioxygenase in P. putida F !  are lost when the enzyme is expressed in an active form in a 

recombinant strain of E. coli (Zylstra and Gibson, 1 989). A similar effect of host organisms has 
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also been reported for TCE oxidizing activities of P. mendocina KR1 and recombinant E. coli 

containing genes encoding for toluene-4-monooxygenase (Winter, et al., 1 989). 

The chemical species responsible for the toxic effects of TCE have also been 

investigated. Although most mechanisms of TCE oxidation suggest TCE epoxide is the initial 

unstable oxidation product of TCE oxidation, the current kinetic evidence suggests that it is not 

directly responsible for the inactivating effects observed during TCE oxidation. Recently, it has 

been demonstrated that sMMO in Melhylosinus lrichosporium OB3b can oxidize the stable 

epoxide, cis- 1 ,2-dichloroethylene oxide and that this reaction gives rise to a toxic effect (van 

Hylckama Vlieg, et al. ,  1 996). This observation raises the interesting possibility that the 

inactivating effect of TCE is due to effects caused by the further enzymatic oxidation of 

trichloroethylene oxide rather than an as yet uncharacterized decomposition product of 

trichloroethylene oxide or a minor product of TCE oxidation. This possibility is supported by 

several previous studies which demonstrate monooxygenase-specific inactivation reactions 

caused by epoxides are quite common (Habets-Cri.itzen, et al . ,  1 985;  Hartmans, et al . ,  1 989). 

These observations suggest that toxicity in whole cells may be a function of multiple factors. For 

instance, glutathione is known to react rapidly with epoxides. The changes in toxicity observed 

when altering the host for a TCE-degrading enzyme may therefore simply reflect differences in 

cellular glutathione concentrations. Alternatively, the apparent resistance of cells of B. cepacia 

G4 to toxic effects associated with TCE oxidation may reflect an inability of this enzyme to 

further oxidize epoxides. 

The significance of the toxic effects associated with chlorinated solvent degradation has 

been formally recognized in a variety of mathematical models (Alvarez-Cohen and McCarty, 

1 99 1 ;  Criddle, 1 993 ; Ely, et al., 1 995 a). Toxicity has also been recognized in the concept of 

transformation capacities. Simply stated, the transformation capacity defines the mass of 

substrate that can be transformed by a given mass of cells. The relative transformation capacities 

of different organisms for different substrates have become important considerations in the 

design of cometabolic processes for chlorinated solvent degradation. While the notion of a finite 

cometabolic capacity is useful for some purposes it is also important to recognize the limitations 

of this concept. For example, transformation capacities poorly distinguish between limitations 

caused by truly irreversible toxic effects and more cryptic effects caused by reductant limitation . 
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In contrast, the transformation yield, a closely-related term, recognizes the finite transformation 

capabilities of microorganisms in the continuous presence of a growth substrate where the effects 

of reductant limitation are minimized, although not completely excluded. 

Another important aspect of the toxic effects associated with chlorinated solvent 

degradation is that several types of microorganisms have been shown to recover from these 

effects. For example, even the early studies of the toxic effect of TCE co-metabolism on P. 

putida F J  demonstrated that TCE-inactivated cells are able to regain their maximal growth rate 

after a period of time. This recovery effect has been more extensively examined with the 

nitrifying bacterium N. europaea (Ely, et al. ,  1 995 b; Ely, et al., 1 995 a; Hyman, et al., 1 995). 

The recovery process involved de novo protein synthesis rather than new cell growth and the rate 

of recovery was strongly dependent on the extent of inactivation. This recovery effect has also 

been integrated into a mathematical model which accurately describes TCE co-metabolism by 

this organism under quasi-steady state conditions (Ely, et al ., 1 995 b; Ely, et al . ,  1 995 a). 

Although there is a growing understanding of the mechanism of the toxicity associated 

with TCE cometabolism, the wealth of information concerning the mechanisms of toxicity of 

these diverse compounds in mammalian systems indicate it is wrong to assume that insights 

gained from studies of TCE with bacterial systems can be applied to all other chlorinated 

solvents which exhibit toxic effects on microorganisms. For example, it has also been 

demonstrated in field studies that toluene-oxidizing organisms which generate a-cresol as an 

intermediate likely suffer a toxic effect during the co-metabol ism of 1 ,  1 -dichloroethylene 

(Hopkins and McCarty, 1 995). These studies clearly suggest that organisms like B. cepacia G4, 

which utilize a toluene-2-monooxygenase to initiate toluene oxidation, are responsible for the 

oxidation of this compound and this further suggests that this organism is more susceptible to the 

toxic effects of chlorinated solvent cometabolism than studies with TCE would suggest. Our 

most recent studies with N. europaea also suggest that the notion that the oxygenase enzyme 

responsible for chlorinated solvent degradation is the ultimate target of toxic effects is also too 

simple a model. For example, we have observed that the oxidation of TCE results in an 

inactivation of both AMO and the other key enzyme in the ammonia oxidation pathway, 

hydroxylamine oxidoreductase (Fawcett, Arp, Hyman; unpublished results) . Our previous studies 

have also demonstrated that there is a poor correlation between the kinetics of the TCE-
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dependent loss of AMO activity and the incorporation of radiolabel from 14C-TCE into 

polypeptides known to be components of AMO (Rasche, et al . ,  1 99 1  ). These observations 

challenge the notion that covalent modification of proteins by products of TCE oxidation is 

directly relevant to the mechanism ofTCE toxicity. 

In  longer term studies where microorganisms are cultured in the presence of both a 

growth substrate and a non-growth substrate the effects of the competitive interaction between 

the two substrates is compounded and can be expected to lead to a decrease the growth rate and 

growth y ield of an organism. These competitive interactions have also been characterized in 

many instances and have been incorporated into several mathematical models of cometabolism. 

This effect is expected to be further exacerbated when a toxic effect is associated with the 

oxidation of the non-growth supporting substrate. The second of these effects has recently been 

studied in a fed-batch bioreactor using B. cepacia G4 grown on toluene under growth-limited 

conditions. It was observed that TCE increases the maintenance energy demand of the cells, an 

effect which was attributed to a toxic effect and the need to resynthesize damaged cellular 

components, although the identity of the affected cellular components was not established (Mars, 

et al. ,  1 996). 

G enetics. The genes which code for several of the enzymes involved in transformations 

of co-substrates have been isolated and characterized. Several of the genes which code for 

specific monooxygenases were mentioned above. The genes for each monooxygenase tend to be 

clustered within the genome. Once a gene is isolated, experiments can be designed which result 

in disruption of the gene in the host organism (gene knock-outs) or tranfer of the gene to a new 

host (transformation). Such experiments can help to determine the role of the gene and its 

product. 

With the genes in hand, applications of genetic engineering also become feasible. For 

example, new pathways can be engineered into bacteria by transforming a bacterium with a gene 

or genes from another bacterium. Wackett et al. (Wackett, et al., 1 994) constructed a 

Pseudomonas putida strain which contained the tod genes (which code for toluene dioxygenase) 

and cytochrome P450cam genes. This engineered strain could couple the activities of these two 

enzymes to completely dehalogenate pentachloroethane. Because each unique subunit of a 
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monooxygenase requires a gene, there is also the possibility to create constructs with similar 

genes from another bacterium replacing that gene in the host. Recombinant E. coli cells with 

high rates of TCE degradation were produced by introducing specific tod and bph genes (for 

biphenyl dioxygenase) (Furukawa, et al. ,  1 994). Genetic engineering also offers the prospect of 

"improving" the enzyme for bioremediation by substituting one or more amino acids at specific 

sites with other amino acids. Improvements could include an enhanced substrate range, 

improved affinities for co-substrates, or increased stability of the enzymes. Pseudomonas 

mendocina KRl toluene 4-monooxygenase catalyzes the ring hydroxylation of toluene to p­

cresol predominantly (Pikus, et al., 1 997). Additionally, this monooxygenase catalyzes the 

oxidation of p-xylene to 4-methyl benzyl alcohol predominantly. However, substitution of the 

phenylalanine residue at position 1 4 1  with a cysteine resulted in an isoform with an altered 

regiospecificity. The results demonstrate the feasibility of altering the product distribution of 

enzymes by genetic engineering. However, this isoform had a kcat for toluene oxidation 

approximately one tenth that of the wild-type enzyme. 

DISCUSSION 

As described above, cometabolism has its genesis in the relaxed substrate range of certain 

enzymes. A process based on a relaxed substrate range of enzymes stands somewhat in 

contradiction to the notion of enzymes as catalysts with a remarkable level of selection for a 

particular substrate or group of related substrates. Indeed, most enzymes do have this high 

degree of selectivity for a substrate. But more relaxed substrate ranges are certainly not 

uncommon among enzymes, and especially monooxygenases which catalyze the oxidation of 

small hydrophobic compounds. As pointed out by Wackett (Wackett, 1 996), the difference in 

free energy between the substrate and enzyme, both free in solution, and the enzyme substrate 

complex is what provides the driving force for substrate discrimination by an enzyme. In the case 

of small hydrophobic molecules, the amino acid residues on the enzyme which form the binding 

pocket are expected to be hydrophobic and must rely on Van de Waals contacts for recognition 

of the preferred substrates. For a similarly shaped hydrophobic molecule, the binding energy for 

enzyme substrate complex formation will be only slightly different from that of the preferred 
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substrate, thus allowing little margin for discriminating between the substrates. While this 

explanation rationalizes the binding of vinyl chloride to alkene monooxygenase, where ethlyene 

is the preferred substrate, it falls short in explaining the binding of naphthalene to sMMO, where 

methane is the preferred substrate. The crystal structure of sMMO revealed a "hydrophobic 

pocket" near the active site which may serve as the binding site for co-substrates (Elango, et al., 

1 997; Rosenzweig, et al., 1 993). But it is interesting to note that even with a crystal structure, the 

determinants of specificity are not readily apparent. Indeed, the binding sites for the preferred 

substrate and the co-substrate need not be identical . Given the fortuitous nature of the interaction 

of co-substrates with these enzymes, predictions about reactivity, reaction rates, and product 

distributions have been and are likely to continue to be difficult to make. 

In laboratory settings with cultures consisting of a single bacterium, cometabolism is 

most associated with detrimental effects on the bacterium. Energy is directed away from growth 

and metabolism to be used for oxidation of co-substrates and to repair the damage caused to the 

cell by the products of the co-substrate oxidations. While the net impact of cometabolism on a 

complex ecosystem is as yet difficult to predict, the impacts on the microorganisms initiating the 

degradation are likely to be similar whether in laboratory culture or environmental settings. As 

such, bioremediation schemes must take into account the impacts of cometabolism on the cells. 

However, these effects are not well understood at the molecular level. Indeed, current dogma 

holds that the toxicity which often accompanies cometabolism is directed at least partially at the 

active site. While this can be the case, other cellular targets may be of even more importance. 

For example, disruption of the electron transport chain or membrane integrity could have more 

far-reaching effects on a cell than loss of a monooxygenase. Furthermore, current dogma does 

not draw distinctions among the different toxic effects associated with the degradation of 

different compounds. However, each co-substrate wil l  produce a new set of metabolites with 

which the cell must interact. Certainly, the production of phosgene from chloroform is not 

expected to influence the cell in the same way as the production of acetaldehyde from vinyl 

chloride. The maintenance cost to a bacterium carrying out cometabol ism will be expected to be 

much higher than the maintenance cost to the same bacterium not involved in cometabolism. 

However, these increased maintenance costs have received scant attention. 
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Another area requiring additional information is in the search for diagnostic substrates 

which are indicative of bioremediation potential. The ideal diagnostic substrate would be 

environmentally friendly, be transformed to easily measured products, and have broad reactivity 

with regard to the monooxygenases known to carry out chlorinated solvent transformations. 

Likewise, inactivators of specific processes are needed to help dissect the contribution of various 

processes to the observed reactions. The ideal inactivator would be specific for a particular 

subset of transformation reactions (e.g. inhibit methane oxidations but not toluene oxidations), 

would be environmentally friendly, and would function at low concentrations. 

Genetic engineering offers considerable promise to improve the ability of bacteria to 

degrade chlorinated solvents. In theory, problems with competition from the physiological 

substrate, need for an inducer, substrate range and affinity, and other factors can be addressed 

through genetic engineering. In practice, such improvements are not likely to come easily. Most 

engineered isoforms of enzymes are either fully active (the amino acid substitution is without 

effect) or virtually inactive (the residue is essential for activity). Substitutions which lead to 

enzymes with improved properties are the exception. The prospect of using genetically 

engineered microorganisms at a site clearly implies the need for augmentation in which case 

ompetition between the introduced bacterium and the indigenous population becomes a concern. 

Regulatory restrictions on the release of genetically engineered microorganisms are also a 

concern. Nonetheless, with improved selection strategies (e.g. with the use of robotics to screen 

large numbers of samples), it may be possible to isolate engineered organisms with improved 

bioremediation properties. 

Summary 

The molecular underpinnings for cometabolism of chlorinated solvents begin with the 

substrate ranges of monooxygenases and dioxygenases which extend beyond the preferred or 

physiologically relevant substrate to chlorinated solvents. Binding of the chlorinated solvent to 

the enzyme can inhibit the binding of the preferred substrate, thereby depriving the cell of the 

benefits of the oxidation of the preferred substrate. The products of the chlorinated solvent 

oxidation can also have profound influences on the cell and often include toxic effects on the 
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cell. The oxygenases which oxidize chlorinated solvents are typically not constitutively 

produced in the cell .  Rather, the enzyme production is induced in the presence of the growth 

substrate. Many of the genes which code for these oxygenases have been characterized thereby 

opening the prospects for genetic engineering of pathways and enzymes. 

While the basic tenets of aerobic cometabolism are well understood, many of the details 

remain to be elucidated. For example, mechanisms of toxicity are not well understood. The 

competitive model for binding of growth substrate and CAH to the oxygenase is not always 

appropriate. Furthermore, the results are likely to be different for different oxygenases. Even for 

a given oxygenase, different CAHs are likely to have different effects on the enzyme and the cell .  

In deciding which problems to address next, it  is worthwhile to look to field tests of aerobic 

cometabolism. What limits the efficacy of these cometabolic processes in the field and how can 

an enhanced understanding of the molecular underpinnings of co metabolism mitigate these 

limitations? 
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Scheme 1 .  Conventional methane oxidation, fortuitous oxidation, and cometabolism by 

methanotrophs. MMO, methane monooxygenase; MDH, methanol dehydrogenase; FaDH, 

formaldehyde dehydrogenase; FDH, formate dehydrogenase. 
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Table 1 :  Examples of bacteria which carry out cometabolic transformation of TCE when grown 

on the indicated substrates 

Growth Representative Oxygenase Ref 

Substrate Microorganism Name and Acronym 

Ammonia Nitrosomonas ammoma monooxygenase (Arciero, et al . ,  

europaea (AMO) 1 989; Rasche, et 

al., 1 99 1 )  

Butane Pseudomonas butane monooxygenase (Hamamura, et al . ,  

butanovorars (BMO) 1 997) 

2,4-Dichloro Alcaligenes eutrophus dichlorophenol (Harker and Kim, 

phenoxyacetate JMP monooxygenase 1 990) 

Ethylene/ Xanthobacter Py2 alkene monooxygenase (Ensign, et al . ,  

Propylene (AlkMO) 1 992) 

Methane Methylosinus soluble methane (Fox, et al . ,  1 990; 

trichosporium OB3b monooxygenase (sMMO) Oldenhuis. et al. ,  

1 989; Tsein, et  al. ,  

1 989) 

Methane Methylosinus particulate methane (DiSpirito, et al., 

trichosporium OB3b monooxygenase (pMMO) 1 992) 

Propane Mycobacterium vaccae propane monooxygenase (Wackett, et al . ,  

JOBS (PMO) 1 989) 

Toluene Burkholderia cepacia toluene-2-monooxygenase (Newman and 

G4 (T2MO) Wackett, 1 997; 

Shields, et al. ,  

1 99 1 )  

Toluene Pseudomonas toluene-3-monooygenase (Olsen, et al. ,  1 994) 

mendocina KRl (T3MO) 

Toluene Pseudomonas picketti toluene-4-monooxygenase (Winter, et al. , 
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l PK0 1 (T4MO) 1 989) 

Toluene Pseudomonas putida toluene dioxygenase (Heald and Jenkins, 

F l  (TOO) 1 994; Zylstra, et al ., 

1 989) 

4 1  
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.,. 
Table 1 2: Susceptibility of chlorinated aliphatic hydrocarbons to biotransformations 

Compound Structure Abbreviation Metabolism Cometabolism Growth Substrates 

chloromethane CH3Cl CM y y A,M 

methylene chloride CH2Cl2 DCM y y A,M 

chloroform CHC13 CF N y A,B,M ,....--...., 

carbon tetrachloride CC14 CT N N -

chloroethane CH3CH2Cl CA y y A,M 

1 ,  1 -dichloroethane CH3CHC12 1 , 1 -DCA y y A,M 

I ,2-dichloroethane CH2ClCH2Cl 1 ,2-DCA y y A,C,M,T 

1 , 1 ,  ! -trichloroethane CC13CH3 1 , 1 , 1 -TCA N y A,M 

1 , 1  ,2-trichloroethane CHC12CH2Cl 1 , 1 ,2-TCA N y A,C 

1 ,  I ,  I ,2-tetrachloroethane CC13CH2CL 1 , 1 ,2-TCA N y A 

I ,  I ,2,2-tetrachloroethane CHCI2CHC12 I ,  1 ,2,2-TCA N N -

pentachloroethane CCI3CHCI2 PCA N N -

hexachloroethane CC13CC13 HCA N N -

vinyl chloride CH2=CHC1 vc y y A,B,C,M,Pr,Py 

1 ,  1 -dichloroethy lene CC12=CH2 1 , 1 -DCE N y A,C,M,Pr,T,V 
-- -
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1 ,2-dichloroethylene (cis) CHCl=CHCl cis 1 ,2-DCE N y A,B,C,M,Pr, Py,T,V 

1 ,2-dichloroethylene (trans) CHCl=CHCl trans 1 ,2-DCE N y A,C,M,Py,T,V 

trichloroethylene CHCl=CC12 TCE N y A,B,C,D,I,M,Ph, 

Pr,Py,T 

tetrachloroethylene CC12=CC12 PCE N N -

-

Metabolism: Y, yes (compound will serve as growth substrate); N, no (compound will not serve as growth substrate). 

Cometabolism: Y, yes (compound transformed through cometabolic processes); N, no (compound not transformed through 

cometabolic processes). 

Growth substrates which support cometabolic transformations: A, ammonia; M, methane; B, butane; C, chloroethane; T, toluene; Pr, 

propane; Py, propylene; V, vinyl chloride; D, 2,4-dichlorophenoxyacetic acid; I, isoprene; Ph, phenol. 
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Table 3 :  Properties of enzymes which cooxidize chlorinated solvents 

Enzyme Protein Protein Protein Subunit Prosthetic Activity1 References 

components Molecular structures SIZeS groups 

Weight (kilodaltons) 

T2MO Hydroxylase 2 1 1 ,000 a2P2Y2 55,  38, 1 4  2[Fe•Fe] 27 (Newman and Wackett, 

1 995) 

Reductase 40,000 40 FAD, [2Fe2S] 1 4 1 ;  5 1 2  " 
al 

Small Component 1 9,000 1 9  - 79 " 
a2 

T4MO Hydroxylase 220,000 a2P2Y2 55 ;  35 ;  1 0  2 [Fe•Fe] 257 (Pikus, et al. ,  1 996) 

Rieske-type 14,000 1 4  [2Fe2S] 1 4,270 " 
a1 

ferredoxin 

Effector protein 1 1 ,600 1 1 .6 - ND " 
a1 

Reductase ND ND ND ND 23,892 " 

TDO Dioxygenase 5 1 ,  22 Fe, [2Fe2S] 7.5 (Subramanian, et al., 

1 979) 

Ferredoxin 1 2,000 al 1 2  [2Fe2S] 1 7,800 (Subramanian, et al. ,  

1 985) 

Reductase 46,000 a1 46 FAD 1 2,300 (Subramamian, et al., 

1 9 8 1 )  

AlkMO Oxygenase 1 95,000 a2P2Y2 53 ; 43 ; 6 2 [Fe•Fe] 240 (Small and Ensign, 1 997) 
-
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Reductase 35,000 35  FAD, [2Fe2S] 30,030 " 
a I 

Small Protein 1 5,000 1 5  4,257 " 
a I -

Ferredoxin 26,000 1 3 ,3 2[2Fe2S] 2 ,249 " 
a2 

sMMO Hydroxylase 245,000 a2P2Y2 6 1 ; 45; 20 2[FeFe] 1 ,700 (Fox, et al., 1 989; 

Lipscomb, 1 994) 

Component B 1 5,800 1 5 .8 1 1 ,200 " 
a I -

Reductase 38,400 38.4 FAD, [2Fe2S] 26, 1 00 " 

I a I 

pMMO Oxygenase 99,000 a 1P IY 1  47; 27; 25 Cu, Fe (?) 1 1 ; 5 (Nguyen, et al., 1 998; 

Nguyen, et al. ,  1 994; 

Zahn and DiSpirito, 

1 996) 

AMO Oxygenase 1 00,000 a 1P IY 1  40; 35 ; 27 Cu (?), Fe (?) ND (Ensign, et al., 1 993; 

Klotz, et al. ,  1 997; 

McTavish, et al . ,  1 993; 

I 
Zahn, et al. , 1 996) 

- -- --- L___ ____ -- -- ----------- - ---- -
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Table 4 :  Comparison of Cellular Abundance and Catalytic Activity Towards TCE and the 

Preferred Substrates for sMMO and T2MO 

Hydroxylase (% soluble nmol TCE K, for TCE nmol CH4 or �n for growth 

Component cell protein) oxidized/ (�M) toluene oxidized/ substrate (!lM) 

(min x mg) (min x mg) 

sMMO 1 2  682 35 1 700 25 

T2MO 1 4  37 12 61 
' 27 25 1 

1Kinetic values obtained with intact cells, all other values refer to the purified hydroxylase 

component. 

References: (Fox, et al . ,  1 990; Fox, et al., 1 989; Landa, et al., 1 994; Newman and Wackett, 

1 995;  Newman and Wackett, 1 997) 
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